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The pancreatic -cell is the only cell in animals that expresses
the insulin gene and secretes insulin protein. We have found
copious release of immunoreactive and bioactive insulin into
the medium from the primary culture of carp adipocytes. Glu-
cose augmented this release to more than 2-fold, and glucose
transporter, Glut2, was detected in these cells. These all re-
flect characteristics of a pancreatic -cell. The expression of
the adipocyte-specific flotillin gene, the presence of peroxi-
somal proliferator-activated receptor  and Glut4, and the
colocalization of insulin and leptin confirmed the identity of
these cells as adipocytes. Purified carp adipocyte insulin (Ad-
pInsl) comigrated with porcine and bovine insulin in SDS-
PAGE, indicating the similarity of their molecular sizes (5.5
kDa). AdpInsl strongly reduced hyperglycemia in streptozo-
tocin-induced diabetic rats. It also stimulated significantly
higher glucose uptake in carp and hamster adipocytes than
porcine insulin. Adipocyte RNA hybridized with rat and ze-
brafish insulin cDNA showing the expression of the insulin
gene in this cell. Using oligonucleotide primers designed on
the basis of conserved insulin domain, AdpInsl cDNA was re-
verse transcribed, cloned, and sequenced. The deduced amino
acid sequence of AdpInsl A and B chain exhibited 98% homol-
ogy with zebrafish and more than 70% homology with human,
porcine, and murine insulin. To understand the structure-
function relationship between AdpInsl and mammalian -cell
insulin, we have analyzed the amino acid sequences and
three-dimensional structure of AdpInsl. In the critical deter-
minant segment for receptor binding, AdpInsl has His at the
A8 position instead of Thr in human and porcine insulin, and
this attributed greater biological activity to AdpInsl. Our re-
sults show that carp adipocyte is a unique cell. As an insulin
target cell it can express the insulin gene and secrete highly
active insulin protein; thus, it may serve as a natural alter-
native to pancreatic -cell insulin. (Endocrinology 144:
1585–1593, 2003)
INSULIN GENE expression and secretion of insulin proteinin all adult animals, including humans, are still known
to be pancreatic -cell specific. A search for an alternative
source of pancreatic -cells in nature has not yet been suc-
cessful. Insulin-like material was detected in the bacteria
Escherichia coli (1), and immunoreactive and bioactive insulin
was found in eukaryotes (2), insects, and annelids (3). Ex-
trapancreatic distribution of insulin was reported in rats and
humans (4). Cells of endodermal origin in rats expressed the
insulin gene during embryonic development (5), but insulin
secretion from them is not known. In lower vertebrates such
as fish, islet cells may be located in pancreatic or extrapan-
creatic tissue (6–8), but it is the islet cell that released highly
active insulin (6, 9) in a greater amount than mammals on the
basis of unit of tissue (10). The structure and function of-cell
insulin in all vertebrates are fairly conserved. The insulin
monomer in the majority of cases consists of two polypeptide
chains, an A chain of 21 amino acid residues and a B chain
of 30 amino acid residues. These two polypeptide chains
contain one intrachain (A6-A11) and two interchain (A7-B7
and A20-B19) disulfide linkages. To understand the insulin
structure-function relationship, the importance of the N-
terminal helix of A chain segment A1-A8 has been recog-
nized for receptor interaction by determining the biological
activity for a range of chemical derivatives. In the B chain,
B24-B26 has been shown to be involved in receptor-binding
activity (11, 12).
We have found that adipocytes from a carp can express the
insulin gene and secrete immunoreactive and biologically
active insulin. The carp adipocyte insulin (AdpInsl) gene has
been cloned; deduced amino acid and peptide structures
have been compared with those of -cell insulin. We have
modeled the three-dimensional structure of AdpInsl by ho-
mology modeling based on the structure of human insulin
(13, 14) to explain our experimental results obtained with
AdpInsl.
Materials and Methods
Adipocyte culture
Cells from fat tissue, liver, and kidney from the carp (Catla catla) were
isolated and incubated in the following manner. Fat tissue around the
small intestine of carp were collected in a petri dish, minced with the
help of fine scissors, then transferred to a 50-ml beaker containing MEM
(MEM without calcium, Sigma-Aldrich, St. Louis, MO; salinity adjusted
to 0.6%) containing collagenase type II (0.6 mg/ml), fatty acid-free 3%
BSA fraction V (Sigma-Aldrich). This was incubated at 30 C for 1 h with
occasional stirring. On termination of the incubation, the beaker was
placed at 42 C in a water bath for 10 min, followed by a rapid filtration
through tightly meshed nylon cloth. Cells were washed with MEM-
EDTA, and the viability of the cells was determined by the exclusion of
trypan blue dye (0.1%). No mortality was observed until 10 h of incu-
bation (Fig. 1). Cells were incubated with Ca2-free MEM (5.5 mm
glucose) containing 25 mm HEPES, 100 IU/ml penicillin, 100 g/ml
streptomycin, and 1 mm phenylmethylsulfonylfluoride (pH 7.4). Adi-
pocytes were diluted in this medium and incubated in 60-mm sterile
tissue culture dishes (1  105 cells/ml) for 4 h in air. To prepare liver
and kidney cells, liver and kidney tissues from carp were cut into small
Abbreviations: AdpInsl, Carp adipocyte insulin; ir-insulin, immuno-
reactive insulin; PB, permeabilization buffer; PPAR, peroxisomal
proliferator-activated receptor ; RACE, rapid amplification of cDNA
ends; UTR, untranslated region.
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pieces and transferred to a30-ml plastic centrifuge tube, which contained
MEM (the salinity of MEM was adjusted to 0.6%). The liver and kidney
fragments (1 g/10 ml medium) were incubated for 15 min at 30 C with
gentle shaking (40 cycles/min) in a water bath under constant gassing
with a mixture of 95% O2-5% CO2. This process was repeated by chang-
ing the medium so that liver and kidney fragments were properly
washed and then transferred to MEM containing 0.5% collagenase. The
tissues were incubated for 60 min, and aliquots were examined for the
presence of isolated liver and kidney cells. Under this condition about
75% of liver tissue and 60% of kidney tissues became soft, and cells were
dispersed by collagenase. The soft tissue of liver and kidney remained
in the test tube, and the aliquot containing the cell suspension was
collected by Pasteur pipette and transferred to a plastic tube, then cen-
trifuged at 250 g. The pellets containing cells were rewashed in MEM
(without collagenase). The cell suspensions were examined for mor-
phological integrity and viability by the exclusion of 0.1% trypan blue,
and in both the cases viability was between 80–90%. Isolated liver and
kidney cells were distributed among 60-mm sterile tissue culture dishes
(1  105 cells/ml) and incubated as described above. On termination of
the incubation at 4 h, aliquots from the medium of different cell incu-
bations were subjected to insulin RIA developed with antiporcine in-
sulin antibody raised in the laboratory of Prof. K. Wakabayashi (Gunma
University, Maebashi, Japan).
Northern blot analysis
RNA was isolated using the Tri-Pure RNA extraction kit (Roche
Molecular Biochemicals, Mannheim, Germany) following the manufac-
turer’s instructions. Ten micrograms of total RNA were loaded on each
lane of a 1.5% formaldehyde-agarose gel, electrophoresed, and trans-
ferred to a nylon membrane by capillary suction method (Hybond-N,
Amersham Pharmacia Biotech, Indianapolis, IN). The membranes were
hybridized by the following probes: 349-bp BamHI-digested fragment of
rat insulin cDNA clone present in pGEM-T vector (gift from Dr.
Toshiyuki Takeuchi, Maebashi, Japan), 450-bp EcoRI-HindIII fragment
of zebrafish insulin cDNA clone present in pBluescript vector (gift from
Dr. Stephen J. Duguay, Chicago, IL), and 1.3-kb BamHI-NotI fragment of
rat flotillin cDNA clone present in pZero-2 vector (gift from Dr. Perry
Bickel, St. Louis, MO). Prehybridization was allowed for 2 h in the buffer
containing 6 standard saline citrate with 50% formamide, 1 Den-
hardt’s solution, and 0.5% sodium dodecyl sulfate at 42 C. Hybridization
was carried out under the same conditions with [-32P]dATP-labeled rat
and zebrafish insulin cDNA fragments for 18 h. The membrane was
washed for 90 min at 65 C in 2 standard saline citrate containing 0.1%
sodium dodecyl sulfate with subsequent three changes of buffer. The
hybridized membrane was exposed to Kodak x-ray film (Eastman
Kodak Co., Rochester, NY) and kept at –80 C for 3 d. RNA molecular
size markers (0.28–6.5 kb) used were purchased from Promega Corp.
(Madison, WI). The digestion of DNA, agarose gel electrophoresis, ran-
dom labeling of DNA, and Northern hybridization were performed as
described by Sambrook et al. (15).
Western blot analysis
The isolated cells were homogenized in homogenizing buffer (150
mm NaCl, 500 mm Tris, and 10 mm EDTA) supplemented with protease
inhibitors (1 g/ml aprotinin, 1 g/ml pepstatin, 1 g/ml leupeptin, 1
mm phenylmethylsulfonylfluoride, and 1 g/ml trypsin inhibitor) and
1% Triton X-100. It was then centrifuged at 5000 rpm for 10 min at 4 C.
The supernatant was collected, and an aliquot was taken for protein
assay. Protein was quantified by the method described by Lowry et al.
(16) and then resolved on a 10% sodium dodecyl sulfate-polyacrylamide
gel and transferred to Immobilon-P membranes (Millipore Corp., Bed-
ford, MA). Membrane was incubated with 5% blocking solution (Tris-
buffered saline containing 0.1% Tween 20, and 5% nonfat dried milk) for
1 h, washed twice with Tris-buffered saline containing 0.1% Tween 20
and then incubated for 16 h with rabbit anti-Glut4 (a gift from Dr. David
E. James, University of Queensland, Queensland, Australia; 1:1000 di-
lution in 5% blocking solution), rabbit anti-Glut2, or rabbit antiperoxi-
somal proliferator-activated receptor  (anti-PPAR) antibody (both
from Santa Cruz Biotechnology, Inc., Santa Cruz, CA; 1:2000 dilution in
5% blocking solution). Immunoreactive bands were visualized by re-
acting alkaline phosphatase-labeled secondary goat antirabbit antisera
at 1:2000 dilution with the substrate nitro blue tetrazolium/5-bromo-
4-chloro-3-indolyl-phosphate (15).
Confocal microscopy
To determine the localization of insulin and leptin in carp and rat
adipocytes, cells were adhered on poly-l-lysine-coated slides. Thereaf-
ter, cells were fixed with 4% paraformaldehyde for 20 min at 4 C;
permeabilized with permeabilization buffer (PB) containing Dulbecco’s
PBS without Ca2 and Mg2, 1% heat-inactivated fetal calf serum, 0.1%
sodium azide, and 0.1% saponin, pH 7.4–7.6; and blocked with 2% goat
serum containing 0.1% sodium azide and 0.1% saponin. The cells were
double-labeled with leptin rabbit polyclonal and human antiinsulin
mouse monoclonal antibodies. Cells were again washed with PB and
incubated with fluorescein isothiocyanate and tetramethylrhodamine
isothiocyanate-conjugated goat antirabbit and antimouse secondary an-
tibodies, respectively. After washing the cells with PB with and without
saponin, PBS containing 1% paraformaldehyde without saponin was
added. The cells were finally mounted in 90% glycerol. For a negative
control, the cells were fixed, and immunofluorescence was conducted
using only secondary antibody and without any primary antibody,.
Fluorescence was examined with a TCS-SP (UV) four-channel confocal
laser scanning microscope (Leica Corp., Rockleigh, NJ). The cell mono-
layer was optically sectioned every 0.5m. Image resolution using a63
Neofluor objective and TCS-SP software (both from Leica Corp.) was
512  512 pixels.
Purification of carp fat cell insulin
Fat cells were lysed by sonication in ethanol/0.7 m HCl (3:1, vol/vol)
under ice and centrifuged at 5000  g for 10 min at 4 C. The pH of the
supernatant was adjusted to 3.0 with a concentrated ammonium solu-
tion and extracted with 4 vol diethyl ether for 20 h at 4 C. The precipitate
was washed with acetone followed by ether and allowed to air-dry;
this was then extracted with 1 m acetic acid and centrifuged. The
supernatant was reextracted with chilled acetone and subjected to pe-
troleum benzene extraction. The resultant precipitate was dried and
extracted with chilled acetic acid (1 m). The extracted material was
gel-filtered through Sephadex G-50, and an insulin-immunoreactive
peak was lyophilized. This was further purified on a fast protein liquid
chromatography reverse phase Pep-RPC column (Amersham Pharma-
cia Biotech) equilibrated with 0.1% (vol/vol) trifluoroacetic acid/water.
The fractions were eluted using acetonitrile linear gradients, and the
amount of protein under each peak was measured according to the
method of Lowry et al. (16). The immunoreactive insulin peaks were
pooled, lyophilized, and subjected to 5–15% gradient SDS-PAGE (17).
Insulin injection
Adipocyte immunoreactive insulin (20 g/100 g body weight) from
incubation medium or 10 g/100 g body weight AdpInsl (purified
adipocyte insulin) or porcine insulin was ip injected into the strepto-
FIG. 1. Isolated carp adipocytes. Carp adipocytes were isolated by the
method described in Materials and Methods. The cells were placed on
a slide and observed through an inverted microscope (magnification,
400; Axiovert 25, Carl Zeiss, Oberkochen, Germany).
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zotocin-treated male Sprague Dawley rats, weighing 100–150 g. After 6 h
of injection, blood was collected by retroorbital puncture using a cap-
illary tube and centrifuged to collect plasma. Its glucose content was
determined by the glucose-glucose oxidase method (glucose test kit,
Span Diagnostic, Surat, India).
Determination of insulin activity in vitro
Freshly prepared adipocytes were suspended in MEM, and after 2 h
1.0 Ci d-[14C]glucose was added to the adipocyte incubation. AdpInsl
or porcine insulin (25 ng/ml) was added to the incubation, and glucose
uptake was measured according to a previously described method (18).
The initial rate of glucose uptake was determined from the incubation
of adipocyte without insulin. The reaction was stopped at 5 min (op-
timum time selected from the time kinetic study) by washing the cells
three times with ice-cold MEM in the presence of 0.3 mm phloretin to
correct the glucose uptake data from simple diffusion and nonspecific
trapping of radioactivity.
RT-PCR, subcloning, and sequencing
Insulin gene fragments were isolated from carp fat cell RNA using
RT-PCR. First strand cDNA synthesis was carried out with 10 g total
RNA using Superscript II RT (Life Technologies, Inc., Grand Island, NY)
enzyme. Oligo(deoxythymidine) primer (5-GGAAGCTTTTTTTTT-
TTTTTTTTTT-3), 10 m dithiothreitol, 0.5 mm of each deoxynucleoside
5-triphosphate, and the buffer supplied with the enzyme [containing 50
mm Tris-HCl (pH 8.3), 75 mm KCl, and 3 mm MgCl2] were added to the
RT reaction mixture (final volume, 20 l) and incubated at 42 C for 1 h.
A 100-l PCR volume was made by adding 2.5 U Taq DNA polymerase
(Life Technologies, Inc.), to a PCR mixture containing 1 reaction buffer
[50 mm KCl, 10 mm Tris-HCl (pH 8.3), 0.1% Triton X-100, and 2.5 mm
MgCl2], and 200 m of each deoxy-NTP (Sigma-Aldrich), 4 m of each
primer (sense and antisense), and a 5-l aliquot from the RT reaction
mixture. The sense oligonucleotide primers (SB1, 5-GGGAATTCCAG-
CACCTGTGTGGATC-3; SB2, 5-GGGAATTCGTGACCATGGCAGT-
3) were constructed on the basis of homologous domains of the pre-
proinsulin gene sequences of different fish species as mentioned in the
text. The PCR was performed for 35 cycles of denaturation at 94 C for
45 sec (5 min in the first cycle), annealing at 50 C for 45 sec, and extension
at 72 C for 1 min (10 min in the last cycle; Perkin-Elmer 9700, PE Applied
Biosystems, Foster City, CA). As the enzyme-recognizable sequences
EcoRI and HindIII were tagged to the 5 termini of the sense primers and
antisense primer oligo(deoxythymidine), respectively, the RT-PCR
products were digested by those enzymes. The digests were electro-
phoresed on 1.5% agarose gel; the band was excised and purified using
a QiaEx-II gel extraction kit (QIAGEN, Hilden, Germany). It was then
cloned directionally into the pBluescript plasmid vector (Stratagene) in
EcoRI-HindIII site. Sequencing of the RT-PCR product was performed
using a PRISM dye system (Perkin-Elmer, PE Applied Biosystems) au-
tomated sequencer. Amino acid and nucleic acid sequences of different
organisms were collected from the NCBI database.
5 Rapid amplification of cDNA ends (5 RACE) of
insulin gene
To obtain the 5 untranslated region (UTR) of the insulin gene, the 5
RACE technique was used. Rat adipocyte RNA was isolated as described
above and used for 5 RACE of the insulin gene using the Life Tech-
nologies, Inc. kit following the manufacturer’s instructions. The gene-
specific primers used for the RT were 5-CC AAG CTT ACG TCT CTC
TTG GGG TTG TA-3 for the first strand cDNA synthesis, 5-GGG
ATCCCT TGG GGT TGT AGA AGA A-3 for PCR of dC-tailed cDNA
with abridged anchor primer (AAP, supplied with the kit), and 5-CC
AAG CTT ACC AGC CTG GAG CCA CAC TG-3 for the nested am-
plification with the abridged universal amplification primer (AUAP,
supplied with the kit). The RACE product was cloned and sequenced
following the methods described above.
Computational tools and hardware
Predictions of three-dimensional structures were made by knowl-
edge-based homology modeling using InsightII 98.0 of MSI (Biosym
Technologies, San Diego, CA), ABGEN (19), and our in-house package
of MODELYN and ANALYN (20) in UNIX as well as in the MS Windows
environment. Energy minimization and molecular dynamics were per-
formed with the InsightII 98.0/Discover package using the cff91 force
field on a Silicon Graphics OCTANE workstation. Energy minimizations
were made with a convergence criterion of 0.001 kcal/mol, using a
combination of steepest descent and conjugate gradient methods (100
steps each); these steps were repeated until satisfactory conformational
parameters were obtained. Molecular dynamics simulations were car-
ried out using a time step of 1 fsec for 100 steps of equilibration and 1000
steps of dynamics. Distance constraints were applied to the other parts
of the molecule while running minimization and dynamics for regu-
larization of selected segments. The electrostatic potential surfaces of the
proteins were determined by MOLMOL (21). PROCHECK (22) was used
for checking the structural parameters and comparing with reference
protein structures.
Results
Immunoreactive and bioactive insulin from adipocytes
We were puzzled to find a high amount of immunoreac-
tive insulin (ir-insulin) in carp plasma without the existence
of principal islet tissues. This led us to make a thorough
search of different tissues for detecting the source of the
circulatory insulin. Surprisingly, adipocytes showed local-
ization of ir-insulin (Fig. 2), suggesting that these cells may
secrete insulin. To examine this, we isolated adipocytes, in-
cubated them in vitro, and then checked the medium for
detecting ir-insulin. Figure 3A shows that adipocytes secrete
considerable amounts of ir-insulin, whereas the medium
from hepatocytes and kidney cells did not show the presence
FIG. 2. Immunocytochemistry of adi-
pocytes showing the presence of insulin
in control (A) and experimental (B) sets.
Paraffin-embedded fat tissue was incu-
bated with (B) or without (A; control)
porcine insulin antibody (20 g/ml) af-
ter 15-min incubation with 0.6% H2O2
(vol/vol) in 80% methanol and then 45-
min incubation with rabbit antiguinea
pig immunoglobulin-horseradish per-
oxidase (diluted 1:100, vol/vol, in 10%
PBS). The reaction was developed using
a freshly prepared solution of 0.05%
(wt/vol) diaminobenzidene and 0.03%
H2O2 in PBS.
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of ir-insulin, indicating specificity of this secretion. The bio-
activity of this ir-insulin was examined by injecting the adi-
pocyte extract or incubation medium into the rat. Both sig-
nificantly reduced plasma glucose level (Fig. 3B). Glucose is
a known agonist of insulin secretion from pancreatic -cells.
When the concentration of glucose was increased approxi-
mately 10 times in the incubation medium, insulin release
from adipocytes was stimulated to more than 2-fold (Fig.
4A), suggesting glucose-dependent insulin secretion. To ob-
tain this response, glucose transport to pancreatic -cells was
performed by Glut2, an isoform of the glucose transporter.
Glut2 was detected in carp adipocyte (Fig. 4B). To confirm the
identity of these cells as adipocytes, we examined the fol-
lowing criteria: 1) the expression of the adipocyte-specific
gene flotillin, 2) the presence of PPAR, and 3) the presence
of Glut4. We used the mouse flotillin cDNA probe for North-
ern hybridization with carp adipocyte RNA. Figure 5A(a)
shows hybridization signal with adipocyte RNA, whereas
RNA from carp muscle, liver, and kidney did not produce
any signal (data not shown). The hybridized transcript size
was approximately 1.9 kb. Increasing amounts of adipocyte
extract produced greater cross-reaction with PPAR anti-
body [Fig. 5A(b)]. The presence of Glut4 is a characteristic of
insulin target cells; as the adipocyte is one such cell, its
identification in carp adipocytes [Fig. 5A(c)] distinguished
them from pancreatic -cells. Although Glut4 is not a specific
marker for adipocytes, its presence distinguished them from
pancreatic -cells, which lack Glut4. The most convincing
evidence in favor of adipocyte’s secretion of insulin was
obtained from the colocalization of leptin and insulin using
dual immunofluorescence staining. Confocal microscopy
showed the localization of the adipocyte-specific protein lep-
tin and insulin in the same cell [Fig. 5B(a–d)]. Rat adipocytes,
on the other hand, lacked insulin localization, indicating
localization of insulin as a special attribution of adipocytes
[Fig. 5B(e)].
To purify insulin from the adipocyte, cells were lysed by
sonification, followed by solvent fractionation, gel perme-
ation chromatography, and fast protein reverse phase chro-
matography. Purified AdpInsl comigrated with porcine and
bovine insulin in SDS-PAGE, indicating the similarity of their
molecular sizes (5.5 kDa; Fig. 6). Injection of AdpInsl to
streptozotocin-induced diabetic rats significantly reduced
hyperglycemia (P  0.001). Its hypoglycemic activity was
25% greater than that of porcine insulin (Fig. 7A). AdpInsl
stimulated a more than 2-fold increase in glucose uptake by
carp and hamster adipocytes; its stimulation was signifi-
cantly higher (P 0.05) than that of porcine insulin [Fig. 7B(b
and c)].
Insulin gene expression in adipocytes and cloning
of AdpInsl
The most important question is whether adipocytes can
express the insulin gene. To resolve this, we used an insulin
cDNA probe from rats and zebrafish for Northern hybrid-
ization with carp adipocyte RNA. Figure 8A shows hybrid-
ization of carp adipocyte RNA with zebrafish and rat insulin
cDNA, whereas hybridization signal was not detected with
adipocyte RNA from rat, guinea pigs and hamsters (Fig. 8B).
The size of the hybridized transcript was about 700 bp, which
is close to that of the pancreatic -cell insulin gene. To char-
acterize the AdpInsl gene, a consensus oligonucleotide
primer (SB-1) was designed from selected homologous do-
mains of preproinsulin cDNA from zebrafish (Danio rerio,
GenBank accession no. AF036326), European carp (Cyprinus
carpio, GenBank accession no. X00989), salmon (Onchoryn-
chus keta, GenBank accession no. L11712), and tilapia (Tilapia
FIG. 3. Immunoreactive and bioactive insulin from carp adipocytes.
Adipocytes, hepatocytes, and kidney cells were isolated and incubated
in vitro in the manner described in Materials and Methods. A, Medium
was collected on termination of incubation of adipocytes (a), liver cells
(b), and kidney cells (c) and subjected to insulin RIA. Each value is the
mean  SEM of 10 observations. B, Rats were injected with 50 g
protein from adipocyte extract (c) or 20g protein from the incubation
medium with adipocytes (d) or only medium (b) or without any in-
jection (a). Blood was collected at 6 h, and glucose content was de-
termined. Each value is the mean  SEM of six independent deter-
minations. *, P  0.05; **, P  0.01 (compared with a and b).
FIG. 4. A, Glucose-dependent insulin secre-
tion from adipocytes. The amount of ir-insulin
released by carp adipocytes in the medium
containing 5.5 mM glucose (a) and 50 mM glu-
cose (b). B, Presence of Glut2 in the adipocyte.
Total protein (adipocyte cell extract; 100 g)
was subjected to SDS-PAGE (lane 2), trans-
ferred to a polyvinylidene difluoride mem-
brane, and probed with anti-Glut2 antibody.
Molecular size markers were loaded on lane 1.
*, P  0.001.
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nilotica, GenBank accession no. AF038123). RT-PCR per-
formed with adipocyte total RNA produced a 375-bp DNA
fragment using SB1 and oligo(deoxythymidine) primers.
This product was cloned and sequenced. Nucleotide se-
quence analysis of this clone showed more than 90% posi-
tional homology with the preproinsulin gene of zebrafish.
The amplified and sequenced portion of cDNA corre-
sponded to AdpInsl A and C peptide regions, but lacked 5
sequences of cDNA corresponding to the B chain. As the B
chain of AdpInsl could not be sequenced with the SB1
primer, another primer, SB2, was synthesized on the basis of
the Danio signal peptide sequence. This was expected to give
the full sequence of the B chain. Utilization of SB-2 and
oligo(deoxythymidine) primers in RT-PCR produced a 425-
bp DNA fragment. The amplified DNA fragment was cloned.
Sequencing of this clone revealed complete AdpInsl signal
peptide and complete 3 UTR (Fig. 9A; GenBank accession
no. AF373021). Deduced amino acid residues of AdpInsl
exhibited striking homology with pancreatic -cell insulin of
different vertebrates (Fig. 9B). Its A and B chains showed 98%
homology with zebrafish and more than 70% homology with
human, pig, and rat insulin, although there was very little
homology at the nucleotide level. To obtain the 5 UTR,
5 RACE was performed using the primers mentioned in
Materials and Methods. The RACE product was cloned and
sequenced. This sequence shows strong homology with the
zebrafish 5 UTR sequence.
Three-dimensional structural modeling of AdpInsl:
comparison between AdpInsl and human insulin
We predicted the structure of AdpInsl from the known
structure of human insulin (14) based on the sequence align-
ment shown in Fig. 9B. Mutations were made on each of the
six monomers containing A and B chains of the nuclear
magnetic resonance-derived structure, followed by place-
FIG. 5. A, Expression of adipocyte-
specific markers. a, Adipocyte RNA (10
g) was loaded and probed with radiola-
beled flotillin cDNA. b, Ten, 20, and 30g
total protein (adipocyte cell extract) was
run on SDS-PAGE (lanes 2, 3, and 4, re-
spectively) with molecular size markers
(lane 1), transferred onto a polyvinyli-
dene difluoride membrane, and probed
with anti-PPAR antibody. c, Total pro-
tein (adipocyte cell extract; 25 g) was
loaded on SDS-PAGE (lane 2), trans-
ferred onto a polyvinylidene difluoride
membrane, and probed with anti-Glut4
antibody. Molecular size markers were
loaded on lane 1. B, High magnification
confocal fluorescence microscopy of adi-
pocytes. Confocal microscopy of the adi-
pocytes was performed on a layer of cells
adhered on poly-L-lysine-coated slides.
The fixed, permeabilized, and blocked
cells were double labeled with leptin rab-
bit polyclonal and human antiinsulin
mouse monoclonal antibodies. The sec-
ondary antibodies used were fluorescein
isothiocyanate- and tetramethylrhodam-
ine isothiocyanate-conjugated antirabbit
and antimouse secondary antibodies. a,
Differential interference contrast (DIC)
showing carp adipocytes; b, carp adipo-
cytes showing the expression of leptin; c,
carp adipocytes showing the expression
of insulin; d, colocalization of leptin and
insulin; e, rat adipocyte stained with hu-
man antiinsulin mouse monoclonal pri-
mary antibody and TRITC-conjugated
goat antimouse secondary antibody.
FIG. 6. Comigration of purified carp fat cell insulin (CI) with bovine
(BI) and porcine (PI) insulin. Five micrograms of each insulin were
subjected to 5–15% gradient SDS-PAGE, followed by Coomassie Blue
staining.
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ment of the side-chains with minimum bumps with the sur-
rounding atoms. The resulting hexameric structure was en-
ergy-minimized. A monomer was separated to examine the
effect of mutation and to map the electrostatic potential on
its surface, as the monomer is the receptor-binding unit.
Alanine scanning mutagenesis of insulin showed that re-
ceptor binding is very strongly affected by mutations at
Gly-B23 and Phe-B24 of the B chain and at Ile-A2, Val-A3, and
Tyr-A19 of the A chain. These amino acids (Fig. 9B, red) have
been colored red in the structures of both the AdpInsl (Fig.
10A) and human (Fig. 10B) insulins. Some other amino acids
that are known to affect the receptor binding to some extent
(Fig. 9B, pink) are then oriented in such a way that the re-
ceptor-binding regions are placed at the front (inside the
yellow ring, Fig. 10, A and B). It is noteworthy that although
the AdpInsl differs from its human counterpart in the num-
ber of amino acids in both chains (Fig. 9), the strategically
important amino acids provide strikingly similar structural
motifs, differing by only one amino acid, i.e. at the eighth
position of the A chain (His in AdpInsl and Thr in human
insulin; Fig. 9). The side-chain of the His-A8 residue points
along the surface of the helix, making the N-terminal -helix
more stable, which was also demonstrated by nuclear mag-
netic resonance studies on an engineered variant of human
insulin. This change favored receptor binding by 43% (12).
Figure 10, C (AdpInsl) and D (human insulin), show the
electrostatic potential at these surfaces, which are probably
the complementary regions in the ligand-receptor interface.
The central parts of these surfaces in both AdpInsl and hu-
man insulins are neutral, indicating the dominance of hy-
drophobic forces in receptor binding. There is a slight dif-
ference at the upper right corner of the yellow ring where
AdpInsl is basic (Fig. 10C), but human insulin is acidic (Fig.
10D), in nature.
Discussion
We have serendipitously discovered carp adipocyte as an
exceptional cell in which the insulin gene is expressed, and
protein is secreted. To prove the identity of this cell, we have
used adipocyte-specific expression of the flotillin gene, lep-
tin, and PPARproteins as markers. Colocalization of insulin
and leptin strengthens the special attributions displayed by
these cells. Although the presence of insulin has been shown
in certain invertebrates (3) and in the extrapancreatic tissues
of rats and humans (4), the expression of the insulin gene and
the secretion of insulin are still known to be pancreatic -cell
specific. Carp adipocyte is a unique cell; on the one hand, it
is functionally similar to the pancreatic -cell, and, on the
other hand, it possesses the characteristics of a fat cell, an
insulin target cell. Like the pancreatic -cell, the carp adi-
pocyte responds to glucose challenge, and the presence of
Glut2 as s transporter shows that the existence of a glucose
sensor is required for glucose-dependent insulin secretion.
To date no other naturally occurring cell showed such a
functional duality. Our investigation shows that purified
AdpInsl from carp adipocytes is structurally and function-
ally very similar to pancreatic -cell insulin. AdpInsl has 98%
FIG. 7. A, Determination of biological activity of AdpInsl in strepto-
zotocin-induced diabetic rats. The male Sprague Dawley rats (100–
150 g body weight) were selected for streptozotocin (STZ) treatment;
55 mg/kg STZ were injected ip into the rat, and those animals ex-
hibiting 250–320 mg glucose/100 ml blood in the third week of in-
jection were taken for experiments. a, Rats not treated with STZ, only
vehicle (0.9% saline; n  6); b, STZ- and vehicle-injected rats (n  6);
c, STZ-treated rat injected with AdpInsl; d, STZ-treated rat injected
with porcine insulin (PI; 10 g AdpInsl or PI wre injected/100 g body
weight). Each value is the mean  SEM of six observations. *, P 
0.001, c compared with b; **, P  0.05, c compared with d. B, Effects
of PI (b), AdpInsl (c), and vehicle (a) on glucose uptake by carp and
hamster adipocytes. Adipocytes (1  105 cells/incubation) were sus-
pended in MEM containing 1% fetal calf serum and preincubated for
2 h in the absence of insulin; after the addition of D-[14C]glucose,
uptake by the cells was determined by the procedure described in
Materials and Methods. *, P  0.05, AdpInsl compared with PI.
FIG. 8. Expression of the insulin gene in adipocytes. A, Ten micro-
grams each of total carp adipocyte RNA (lanes 1 and 2) and carp
kidney RNA (lane 3) were electrophoresed and transferred onto a
Nytran membrane. The membrane was then probed with rat insulin
cDNA (lane 1) and zebrafish insulin cDNA (lane 2 and 3). B, Ten
micrograms each of total RNA from adipocytes of rat (lane 1), guinea
pig (lane 2), hamster (lane 3), and carp (lane 4) were electrophoresed
and transferred onto a Nytran membrane. The membrane was then
probed with zebrafish insulin cDNA.
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homology with zebrafish -cell insulin and more than 70%
homology with porcine and human insulins. If we consider
the peptide segments of insulin involved in transducing sig-
nals by recognizing the surface receptor molecule, they re-
main far more conserved than the total peptide chains.
AdpInsl is from the carp adipocyte, which is a lower verte-
brate; even there the critical determinant segment for recep-
tor binding is highly homologous to mammalian insulin. It
is interesting that there is about a 30% difference in the amino
acids of the A and B chains between human and AdpInsl, but
the biological function of this key hormone remains well
conserved. Although there is a considerable homology in the
sequence of amino acid between AdpInsl and mammalian
insulin, it is not so at the nucleotide level, as different codons
have been used for the same amino acid. About 85% nucle-
otides in AdpInsl and zebrafish insulin are different from
mammalian insulin, indicating a change in genetic make-up
in the evolution of this molecule, keeping the peptide struc-
ture more conserved. Although the amino acid sequence of
AdpInsl has about 70% homology with human, porcine, and
rat insulin, their codon usage varied widely, as only about
15% of the nucleotides are common. AdpInsl has strongest
homology with zebrafish -cell insulin, 98% in peptide struc-
ture and more than 90% in nucleotide sequence. This is the
FIG. 9. A, Nucleotide and the deduced amino acid sequences of the
preproinsulin gene of carp showing signal peptide (SP; 1–22 amino
acids) and B (23–52 amino acids), C (53–87 amino acids), and A
(88–108 amino acids) chains. The 5UTR and 3UTR sequences are
also shown. The lowercase letters represent the nucleic acid sequence,
and the amino acids are represented by uppercase letters. The start
codon is underlined, and the stop codon is indicated by an asterisk. The
probable cleavage sites between the signal peptide and B, between B
and C, and between C and A are represented by vertical arrows. B,
Comparison of the predicted amino acid sequences of insulin A and B
chains of human, rat, pig, zebrafish, and European carp and adipo-
cytes of Indian carp. Their positional homologies were examined. The
box represents the homologous domains, whereas the shaded letter in
the box shows the nonidentical amino acid. Mutations of the residues
colored in red are the most disruptive mutations (to Ala) in terms of
receptor binding of human insulin in the A chain, and other amino
acids that are known to be involved in the receptor binding are colored
pink in the B chain (12, 13).
FIG. 10. A, The connolly surface of the modeled monomer of AdpInsl
calculated using InsightII. Residues Gly-B23, Phe-B24, Ile-A2, Val-
A3, and Tyr-A19, which are strongly implicated in receptor binding,
as evidenced by different experimental techniques, are colored red,
and some other amino acids, Phe-B25, Tyr-B26, His-B10, Gly-A1,
Glu-A3, Gln-A4, and His-A8, that are known to affect receptor binding
to some extent are colored pink. The structure was oriented in such
a way that the highly potential receptor binding surface is fully ex-
posed (within the yellow band). B, The connolly surface of the refer-
ence human monomer in the same orientation with the same color
convention (only exception is that the amino acid at the A8 position
is Thr instead of His in AdpInsl). C and D, The same surfaces as in
A and B, respectively, but colored according to the electrostatic po-
tential of the surface and calculated using MOLMOL. The blue color
depicts the positively charged basic regions, the red color shows the
negatively charged acidic regions, and the white color is for the neu-
tral hydrophobic regions. Regions of intermediate colors arise due to
the net result of mixed electrostatic potentials.
Roy et al. • New Cell Secreting Insulin Endocrinology, April 2003, 144(4):1585–1593 1591
reason for the strong hybridization signal with zebrafish
insulin cDNA and the weak signal with rat insulin cDNA.
Functionally, AdpInsl is more active than porcine insulin
in rats. Injection of AdpInsl into the streptozotocin-induced
diabetic rat produced significantly stronger hypoglycemic
effect compared with porcine insulin. AdpInsl stimulated
glucose uptake by adipocytes more actively than porcine
insulin not only in carp adipocytes, but also in hamster adi-
pocytes. All of these indicate a better recognition of the in-
sulin receptor in mammalian targets by AdpInsl compared
with porcine insulin. This prompted us to compare the pep-
tide segment of AdpInsl with porcine and human insulin in
relation to receptor interactions. The A1-A8 sequence
(GIVEQCCT) of porcine and human insulin contains critical
determinants of receptor binding. The importance of this
segment in insulin receptor interactions was recognized
early by measuring the biological activity for various deriv-
atives (23, 24). The A1-A8 sequence has low intrinsic helical
propensities and an unfavorable C-cap residue (Thr8) (25).
Any substitution between A1-A3 amino acid residues is det-
rimental to biological activity (26, 27). On the other hand,
substitution of His or Arg for Thr (8) exhibits a significant
increase in activity (28) in accordance with the thermody-
namic stabilization with an enhancement of the folding sta-
bility (29). It has been demonstrated that the mutation of A8
from Thr8 to His (8) or Arg8 in an engineered insulin resulted
in a 43% increase in its receptor binding affinity. AdpInsl has
His8, a favorable substitute against unfavorable Thr8 in hu-
man and porcine insulin; this is the reason for its greater
biological activity. Moreover, the most important segment of
insulin peptide related to the receptor binding includes A1-
A4, A19, B12, and B24-B26 (12), and AdpInsl has all of these
segments in position.
Recent reports show that fat cells are not merely a storage
depot for triglycerides; they are highly active endocrine cells,
sensing metabolic signals and secreting hormones that reg-
ulate energy homeostasis (30–32). The adipocyte appears to
be the prime cell dealing with insulin resistance and type 2
diabetes; adiponectin and PPAR can reverse insulin resis-
tance by reducing triglyceride levels in insulin target organs
(33–35). Lipodystrophies produce insulin resistance, and
transplantation of adipose tissue into lipoatrophic diabetic
mice dramatically reverses hyperglycemia by improving
muscle insulin sensitivity (36). Carp adipocytes possess sim-
ilar characteristics as mammalian adipocytes in having
PPAR, leptin, flotillin, and Glut4; in addition, they can
express the insulin gene and secrete insulin protein and
therefore can deliver insulin to maintain glucose homeosta-
sis. Hence, the carp adipocyte is promising for future therapy
of type 2 diabetes and insulin resistance that would require
successful transfer of these cells to the host by a suitable
engineering technique.
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